INTRODUCTION
Antiviral innate immunity depends on different sensor systems that detect viral-pathogen-associated molecular patterns (PAMPs) and initiate specific signaling pathways, including those leading to the activation of the transcription factors nuclear factor-B (NF-B) and interferon regulatory factor 3 (IRF3). NF-B mediates the production of several proinflammatory cytokines and antiapoptotic proteins (86) , whereas IRF3 regulates the expression of beta interferon (IFN-␤). IFN-␤ itself activates several other genes, including 2Ј-5Ј-oligoadenylate synthetases, protein kinase R, Mx GTPase, and P56, which contribute to an antiviral effect via the inhibition of protein synthesis and viral replication. Viral double-stranded RNA (dsRNA) is a PAMP that is recognized by Toll-like receptor 3 (TLR3) and several cytosolic sensors, such as protein kinase R, 2Ј-5Ј-oligoadenylate synthetases, and the recently identified RNA helicases RIG-I (retinoic acid-inducible gene I) and MDA5 (melanoma differentiation-associated gene 5) (26, 43, 70, 113) . TLR3 and the RIG-I/MDA5 RNA helicases differ in their cellular localizations, ligand specificities, and downstream signaling pathways, which suggests that host cells have multiple defense mechanisms against viral infection. During viral replication, dsRNA is produced either as an intermediate of the replication cycle or as part of the viral RNA genome (50) . Moreover, based on the observation that macrophages lacking the TLR3 adaptor protein TRIF (Toll/interleukin-1 [IL-1] receptor [TIR] domain-containing adaptor-inducing IFN-␤) are more susceptible to vaccinia virus (41) , it has been suggested that DNA viruses might produce RNA transcripts that engage TLR3. In addition to dsRNA from viral origin, endogenous dsRNA that is released from dying cells activates TLR3 (55) . Polyriboinosinic:polyribocytidylic acid [poly(I:C)] is a stable synthetic dsRNA analogue that is frequently used as a TLR3 ligand to mimic viral infection. In contrast to the recognition of dsRNA by intracellular molecules, TLR3 preferentially recognizes synthetic poly(I:C) rather than virus-derived dsRNA, suggesting that TLR3 recognizes a unique dsRNA structure that largely differs from the one recognized by other dsRNA-binding proteins (77) . The crucial role of TLR3 in poly(I:C) recognition is reflected in the observation that TLR3-deficient mice show reduced responses to poly(I:C), resistance to the lethal effect of poly(I:C) when sensitized with D-galactosamine, and reduced production of inflammatory cytokines (4) . Poly(I:C) in a cell-associated form is even more efficient in triggering TLR3 than soluble dsRNA (67, 93) , suggesting that dsRNA from dying cells is most likely a more potent and physiologically relevant TLR3 ligand than dsRNA from live cells. Many TLR3 effects rely on cells of the innate immune system that either express TLR3 or respond to inflammatory mediators that are produced upon TLR3 signaling. Immune cells that express TLR3 and contribute to an innate immune response are dendritic cells, macrophages, natural killer cells, and mast cells (37, 64, 78, 104) . Recent work demonstrates that TLR3 is also present in cells that directly participate in the adaptive immune response (100, 109) . In this context, TLR3 ligation was shown to directly increase IFN-␥ production by antigen-primed CD8 ϩ T cells. Altogether, this indicates that TLR3 is a "danger" receptor with a pleiotropic potential in innate and adaptive immunity.
PARADOXICAL ROLES OF TLR3 IN VIRAL PATHOLOGY
The exact role of TLR3 in viral infection is still controversial (21, 99) . Several reports show that TLR3 contributes to the elimination of specific viruses, but others demonstrate that some viruses can benefit from TLR3 stimulation ( Table 1) . The general outcome is probably dependent on several factors, such as the type of virus, the viral load, its mode of infection (endoplasmic versus cytoplasmic), the cell type that is infected, and the stage of infection.
TLR3 has been implicated in viral infections of the respiratory tract, which constitutively expresses TLR3. Influenza A virus infection markedly upregulates the pulmonary expression of TLR3 and causes acute pneumonia (31, 62) . Despite higher influenza A virus production in the lungs of TLR3-deficient mice than in those of wild-type mice, TLR3-deficient mice have an unexpected survival advantage. Due to the absence of TLR3-mediated inflammatory signaling, influenza A virus-infected mice display significantly lower levels of inflammatory mediators and a lower number of CD8 ϩ T cells that contribute to the clearance of infected cells from the lung than uninfected mice (62) . These findings demonstrate that although TLR3 moderates virus production in the lung, it also contributes to the debilitating effects of a detrimental host inflammatory response. Respiratory syncytial virus is another virus that augments TLR3 expression in lung epithelial cells (30, 83) . Unlike the role of TLR3 in influenza A virus infection, TLR3 is not required for viral clearance but is necessary to maintain the proper immune environment in the lung to avoid pathological development of the infection. In the absence of TLR3, respiratory syncytial virus-infected mice produce a significantly increased number of T helper 2 (TH2) cytokines, which cause mucus overproduction, a pathological feature of respiratory syncytial virus infection.
Several studies show that TLR3 is also involved in central nervous system (CNS) diseases. The CNS broadly comprises two cell types: glial cells and neuronal cells. Glial cells are further divided into microglial cells, which are CNS-resident innate immune cells, and macroglial cells, such as astrocytes and Schwann cells, which have an ectodermal origin. All these different neuronal cell types have been shown to express TLR3 and initiate signaling upon being triggered with dsRNA or viruses, such as rabies virus and herpes simplex virus type 1 (23, 48, 49, 60, 81) . This is particularly surprising since it shows that neurons have the intrinsic machinery to initiate inflammatory and antiviral responses (57, 81) . In contrast to the destructive role of TLR3 in influenza A virus infection of the respiratory tract, TLR3 was proposed to have a protective function during influenza A virus-induced encephalopathy. With the latter virus, a specific loss-of-function missense mutation (F303S) encoded by the TLR3 gene was found in one of three patients with influenza-associated encephalopathy (40) . Upon peripheral infection of mice with West Nile virus, TLR3-dependent inflammatory signaling was shown to facilitate viral entry into the brain, causing lethal encephalitis (105) . Once inside the brain, the immune response leading to encephalitis is independent of TLR3, since wild-type and TLR3-compromised mice are equally susceptible upon intracerebroventricular administration of the virus (105) . In vitro infection of astrocytes with Theiler's murine encephalomyelitis virus leads to the TLR3-mediated induction of several IRF-and NF-B-dependent chemokines and cytokines (95) , suggesting that TLR3 signaling is responsible for the initial inflammatory cytokine responses defining the outcome of Theiler's murine encephalomyelitis virus-induced encephalitis. How the TLR3 signaling pathway influences the outcome of Theiler's murine encephalomyelitis virus infection in vivo is not known.
TLR3 positively contributes to the immune response to invading encephalomyocarditis virus. Schulz et al. demonstrated that TLR3 engagement by dsRNA that is released from dying encephalomyocarditis virus-infected cells leads to the crosspriming of myeloid dendritic cells, followed by the cross-presentation and activation of cytotoxic T cells (93) . This function is proposed to be important in the clearance of viruses that have no tropism for dendritic cells. Apart from the release of dsRNA, virus-infected cells can release type I IFNs, which also promote cross-priming (59) . More recently, TLR3-deficient mice were shown to be more susceptible to encephalomyocarditis virus infection and to have a significantly higher viral load in the heart than wild-type mice (35) . Although encephalomyocarditis virus-induced expression of several cytokines and chemokines was impaired in TLR3-deficient mice, IFN-␤ production was not. The latter finding might reflect a redundant role of TLR3 and other receptors in the signaling toward IFN-␤ production.
Surprisingly, TLR3 has also been implicated in the immunobiology of skeletal muscle. TLR3 is expressed in muscle cells both in vitro and in vivo and is upregulated by dsRNA and IFN-␥. Furthermore, TLR3 levels are elevated in muscle biopsy specimens from patients with inflammatory and human immunodeficiency virus-associated myopathies (92) , suggesting a deleterious role for TLR3 in inflammatory muscle disease.
A detrimental role for TLR3 was established in the viral etiology of liver and kidney disease. TLR3-deficient mice demonstrate reduced liver disease and increased resistance to le- (28) . Hepatitis C virus is a major cause of liver hepatitis, liver cirrhosis, and hepatocellular carcinoma (56) . Although several reports describe a role for TLR3 in hepatitis C virus infection, the physiological function of TLR3 in hepatitis remains unclear. Evidence for the physiological relevance of a hepatitis C virus-TLR3 interaction has come from biopsy specimens of patients with hepatitis C virus-positive kidney disease, a frequent complication in hepatitis C virus infections (110) . TLR3 mRNA expression was significantly increased in hepatitis C virus-positive glomerulonephritis and was associated with enhanced mRNA levels for the chemokines RANTES and monocyte chemotactic protein 1 (MCP1). TLR3 expression on renal cells may therefore establish a link between viral infections and glomerular diseases. TLR3 has also been implicated in the protection against herpes simplex virus type 2 infection of the female genital tract (8, 25, 39) . In this context, it was shown that cells of the reproductive tract express functional TLR3 (6, 74) and that treatment with dsRNA protects against genital herpes infection in mice (8) . Although an interaction between herpes simplex virus type 2 RNA and TLR3 has not yet been shown, it is very likely that herpes simplex virus produces dsRNA intermediates that trigger TLR3 (38) .
Finally, a role for TLR3 in virus-induced tumor formation has also been proposed. For example, the Moloney murine and feline leukemia viruses activate NF-B via a specific RNA transcript from their long terminal repeat region, which is capable of stimulating TLR3. Since the antiapoptotic and growth-promoting activities of NF-B have been implicated in leukemogenesis, these data suggest a role for TLR3 in the promotion of tumor formation under certain conditions (1) .
Viruses have evolved multiple ways to modulate TLR3 signaling. Different viruses, including hepatitis C virus, influenza A virus, respiratory syncytial virus, human immunodeficiency virus, simian immunodeficiency virus, and measles virus, augment TLR3 expression, which is in some cases associated with an increase in its membrane localization (30, 85, 102) . Since upregulation of TLR3 sensitizes the cells to subsequent viral or dsRNA exposure, we hypothesize that this will contribute to pathological inflammatory signaling if the host does not cope appropriately with the increased susceptibility resulting from increased TLR3 expression. Interestingly, some viruses directly interfere with intracellular signaling leading to NF-B or IRF3 activation as a means of escaping the host immune response (33, 86 (36) . Another vaccinia virus protein, the A46R protein, inhibits both NF-B and IRF3 activation via its interaction with TRIF and other TLR adaptor proteins (96) . Li et al. showed that the hepatitis C virus nonstructural protein 3/4A (NS3/4A) protease can cleave the TLR3 adaptor protein TRIF (also known as TICAM-1 or Lps2), thereby inhibiting the TLR3 signaling pathway that leads to NF-B and IRF3 activation and subsequent IFN-␤ production (see also below) (63) . On the other hand, the hepatitis C virus-encoded RNA-dependent RNA polymerase NS5B induces IFN-␤ production in a TLR3-dependent manner, probably through the synthesis of dsRNA, using cellular RNA as a template (73) . A possible explanation for the contrasting effects of NS5B and NS3/4A on IFN-␤ production might be the maintenance of a low, nonlethal level of hepatitis C virus, which may promote distraction of the host defense system and enable persistent infection.
A FUNCTION FOR TLR3 BEYOND ITS ROLE IN VIRAL INFECTION?
In addition to mediating an antiviral host immune response, TLR3 has been implicated in the protection of immune-privileged sites, including the CNS and the liver. Bsibsi et al. showed that TLR3 is induced on human astrocytes upon inflammation and, when activated, mediates a comprehensive neuroprotective response rather than a polarized proinflammatory reaction (13) . TLR3 stimulation also suppresses experimental autoimmune encephalomyelitis by inducing endogenous IFN-␤ (103). TLR3 stimulation was also shown to protect against lipopolysaccharide-induced liver injury by downregulating TLR4 expression on macrophages (51) . Rather than having this hepatoprotective effect, TLR3 causes the breakdown of hepatic tolerance (58), leading to TLR3-mediated autoimmune liver disease. In this case, the TLR3 triggering of myeloid dendritic cells and macrophages leads to the production of IFN-␣ and TNF, which induce the secretion of CXC chemokine ligand 9 by hepatocytes or other cells. CXC chemokine ligand 9 serves as an effective chemo-attractant for autoimmune CD8 ϩ T cells into the liver, where they cause autoimmune liver damage (16, 58) . TLR3 expression is also associated with lupus nephritis, an autoimmune disease affecting the kidney. Exposure to poly(I:C) can aggravate lupus nephritis, and this is probably mediated through TLR3, which is present on both antigen-presenting cells and glomerular mesangial cells (80) . Finally, the observation that poly(I:C)-induced TLR3 signaling results in pancreatic ␤-cell death and (unlike other PAMPs, such as single-stranded RNA, lipopolysaccharide, or peptidoglycan) the development of diabetes in mice (19, 108) suggests a role for TLR3 in autoimmune diabetes.
All together, these data demonstrate that TLR3 is a crucial "danger" signaling receptor that, through its presence on both immune and nonimmune cells, is involved in controlling the delicate balance between tolerance and inflammation on the one hand and inflammation and disease on the other hand. Whether viral RNA is responsible for all TLR3-mediated responses that have been reported to date or whether there is also a role for cellular RNA or other molecules that function as endogenous TLR3 ligands remains to be investigated.
TLR3 STRUCTURE, LIGAND BINDING, AND SPECIFICITY
Like all other members of the TLR family, TLR3 is a type I transmembrane receptor protein composed of an extracellular VOL. 21, 2008 PATHOGEN RECOGNITION BY TLR3 15 domain containing multiple leucine-rich repeats (LRRs), a transmembrane region, and a cytoplasmic tail containing the conserved TIR domain (Fig. 1) . The transmembrane domain consists of a single ␣-helix spanning the membrane, while the TIR domain is made up of a five-stranded ␤-sheet surrounded by five ␣-helices. These two secondary-structure elements are connected by loops of which the BB loop (connecting ␤-strand B with ␣-helix B) is described to interact with the TLR adaptor molecules. This BB loop contains in all TLRs a conserved proline residue, except in TLR3, where the proline is replaced with an alanine (Fig. 1 ). The importance of this residue is demonstrated by the failure of the TLR3-Ala795His mutant to bind the adaptor protein TRIF (79) . TLR3 is the sole TLR that interacts directly with TRIF, whereas other TLRs physically interact with the adaptor proteins MyD88 adaptor-like, MyD88, and TRIF-related adaptor molecule, an activity which is probably related to the divergence in the BB loop. In addition to the conserved BB loop, three particular boxes that are highly conserved among TLR family members define the TIR domain and are involved in TLR3 signaling (20, 64) . The extracellular domain of human TLR3, which supports ligand binding, consists of 23 tandemly arranged LRRs. Seventeen of the 23 LRRs follow the consensus motif of a 24-residue repeat, consisting of XL2XXL5XL7XXN10XL12XX XXF20XXL23X, where L represents an obligate hydrophobic residue of which leucine is most prevalent, F is a conserved phenylalanine, and N is a conserved asparagine. The remaining noncanonical LRRs contain insertions that form large, protruding loops in LRR12 and LRR20 (Fig. 1) (11, 15) . Recently, Bell et al. (11) and Choe et al. (15) described independently from each other the crystal structure of the TLR3 extracellular domain. Their studies showed that the LRRs adopt a horseshoe-shaped solenoid structure that is heavily glycosylated. One face of the extracellular domain, residing at the convex (outer) surface, is glycan free and is predicted to accommodate nucleotide binding due to the presence of many positively charged residues (15) . Alternatively and in agreement with the assumed binding mechanism for LRR-containing proteins, Bell and colleagues proposed that the nucleotide binding site may reside at the concave surface, which harbors four potential Asn (N)-linked glycosylation sites and has a predominant negative charge. It has been suggested that glycosylation of the concave region could provide a mechanism for controlling dsRNA binding by TLR3 (11) . In addition, the large insertions in LRR12 and LRR20, which are unique to TLR3 and conserved in all known mammalian orthologues, might also play an important role in ligand binding (11, 15) . More recently, mutational analysis of TLR3 located the dsRNA binding site on the glycan-free surface of the extracellular domain at the position of LRR20 (Fig. 1 ) (10). Bell and colleagues proposed a symmetrical model of receptor chain assembly that takes advantage of the inherent twofold symmetry of dsRNA. In this model, two TLR3 molecules dimerize in such a way that the extracellular domain of the second TLR3 rotates by 180°in order to bind identically to the opposite strand of the RNA duplex (79) . In consideration of these findings together, TLR3 might provide several areas that accommodate ligand binding, depending on the glycosylation status of the extracellular domain and the structural characteristics of the ligand (e.g., modifications and duplex length). Studies using different lengths of the preferential TLR3 ligand poly(I:C) indicated that longer duplexes are more potent inducers of TLR3 signaling (18, 77) . Differences in potency might be proportional to the ability of different ligands to mediate TLR3 multimerization. In line with the symmetrical assembly model, long dsRNA helices are likely to bind several TLR3 molecules in similar manners (10) . Although TLR3 is monomeric in solution, it can readily form a stable or transient dimer when embedded in the membrane and undergo ligand-binding-promoted multimerization (10, 11) . Two lines of experimental evidence corroborate this hypothesis. Inactive TLR3 mutant molecules block the activity of wild-type endogenous TLR3, which is a dominant negative characteristic of di-or multimerization-induced signaling events (18) . Additional evidence was obtained from a myeloid U937 cell line stably transfected with a chimeric TLR3-CD32 protein. In this case, the cross-linking of CD32 causes a rapid rise in intracellular calcium levels, which is mediated by the cytosolic portion of CD32. Treatment with an anti-TLR3 an- on September 26, 2017 by guest http://cmr.asm.org/ tibody also induced a calcium flux but only when TLR3 was cross-linked by a secondary antibody, confirming that multimerization is required for signaling (18) . The overall dimensions of TLR3, based on crystal structure, roughly match the shape of a CD14 dimer (15) . This suggests that TLR3, like TLR4, might associate with CD14. This was experimentally confirmed by Lee and coworkers, who showed that TLR3 can be coimmunoprecipitated with CD14 independently of poly(I: C). They also observed the intracellular colocalization of TLR3 and CD14 in multiple compartments, including the endoplasmic reticulum and the Golgi apparatus. Once poly(I:C) is internalized, TLR3 and CD14 colocalize in the endosomal and lysosomal compartments. CD14 is essential for the uptake of poly(I:C) in these compartments and enhances TLR3 signaling (61) . The endosomal and lysosomal localization of TLR3 is thought to be crucial for providing self-versus non-self-discrimination of dsRNA. Under normal conditions, "self-RNA" is present in the cytoplasm and cannot enter the membranebound vesicles in which the extracellular domain of TLR3 is present. When present in cellular debris from dying cells, it can, however, be taken up and delivered to the endosomes and elicit a potentially hazardous danger response. The immunostimulatory potential of RNA is also modulated by nucleoside modification (54, 77) . In this context, suppression of RNA recognition is proportional to the number of modified nucleosides present in the RNA (54), explaining why mitochondrial RNA, which is the least modified fraction of mammalian RNA, is a better TLR3 ligand than mRNA or total RNA. The TLR3-stimulatory potential of RNA from dying cells is likely a result of the presence of this mitochondrial RNA (54, 55, 77) . The U1 small nuclear RNA is also capable of TLR3 activation. U1 small nuclear RNA is the endogenous ligand of the 70-kDa protein subunit of U1 ribonucleoprotein, which is an autoantigen frequently associated with rheumatoid arthritis or systemic lupus erythematosus. The potential involvement of TLR3 may help account for the prominence of antiribonucleoprotein responses observed in autoimmune diseases (42) . Additionally, a specific motif of the endogenous tRNA(Ala)(UGC) that induces TH1 and cytotoxic-T-lymphocyte immune responses was shown to be effectively recognized by TLR3 (107) . In addition to nucleoside modification and the endosomal localization of TLR3, glycosylation of the TLR3 extracellular domain might provide a mechanism for discriminating between host and foreign RNA. Since the mutation of two potential N-glycosylation sites, Asn247 and Asn413 (Fig.  1) , or the use of glycosylation inhibitors abrogates TLR3 signaling (18, 98) , we hypothesize that the glycosylation of TLR3 is inhibited in the absence of foreign intruders, thus contributing to the distinction between host and foreign RNA by keeping TLR3 in an inactive state in the absence of infection.
For viral RNA sensing in the cytoplasm, discrimination between self-RNA and viral foreign RNA cannot be explained by a spatial barrier mechanism, as described above for TLR3. The RNA helicase RIG-I was recently shown to recognize the 5Ј ends of certain viral RNA genomes, rather than the dsRNA structure (113) . More specifically, RIG-I recognizes and binds the 5Ј-triphosphate group of cytoplasmic viral RNA that appears after viral infection or replication. Such 5Ј-triphosphates are generally removed from, or masked on, host RNA species, thereby remaining silent to innate immunity and providing a structural basis for the distinction between self-and non-self-RNA. Despite structural and functional similarity between RIG-I and MDA5, RNA sensing by MDA5 does not involve a 5Ј-triphosphate moiety (e.g., in the case of picornaviruses) but seems to involve the sensing of a dsRNA structure by a stillunknown mechanism.
TLR3 LOCALIZATION AND SIGNALING

Localization Holds the Key to TLR3 Activity
In contrast to the viral RNA sensors protein kinase R, RIG-I, and MDA5, whose localization is exclusively cytoplasmic (113), TLR3 has been found in endosomal compartments or at the cell surface. The localization of TLR3 is cell type dependent, which may reflect the participation of cell-typespecific pathways in antiviral IFN induction via TLR3. Human fibroblasts (e.g., the MRC-5 cell line) express TLR3 on the cell surface, and anti-TLR3 monoclonal antibodies inhibit dsRNAinduced IFN-␤ secretion by fibroblasts, suggesting that in these cells TLR3 acts on the cell surface to sense viral infection. However, in most cell types, including dendritic cells, macrophages, and TLR3-transfected HEK293 cells, TLR3 is detected predominantly in intracellular compartments (24, 65, 66, 75) . The cytoplasmic linker region (Fig. 1) contains a sequence motif that is important for intracellular targeting of TLR3, since deleting the linker region interferes with normal intracellular targeting and causes cell surface expression of TLR3 (24, 75) . In the case of human TLR3, Arg740 and Val741 residues were identified as crucial determinants for intracellular expression (24) , while in murine TLR3, no crucial residues were found in the linker region (Glu727 to Asp749). Yet, this sequence was shown to be sufficient for targeting the plasma membrane protein CD25 to an intracellular location, indicating that it is responsible for the intracellular targeting of TLR3 (75) . The intracellular targeting sequence of TLR3 leads this receptor to the same cytoplasmic membranes where TLR7 is localized and adjacent to phagosomes containing apoptotic cell particles. The fusion of such phagosomes to TLR3-containing membranes might enhance the access of TLR3 to dsRNA that is derived from apoptotic cells (75) . In addition to having a targeting function, the cytoplasmic linker region contains, at least in human TLR3, several residues that are required for TLR3-induced NF-B and IFN-␤-promoter activation (24) . Phe732, Tyr733, Leu742, and Gly743 are conserved across human, mouse, and other species, indicating their importance for TLR3 biology.
Although dendritic cells do not express TLR3 on their surfaces, exogenously added dsRNA activates the cells to produce IFN-␣/␤ and IL-12p70, suggesting that after internalization, dsRNA encounters intracellular TLR3 present in the subcellular compartments and activates TLR3 signals inside the cells. Supporting this suggestion is the fact that treatment of dendritic cells, peripheral blood mononuclear cells, and TLR3-transfected HEK293 cells with the lysosome maturation and acidification inhibitors chloroquine and bafilomycin inhibits the response to poly(I:C) (18, 24, 65) . Moreover, the need for internalization of poly(I:C) also fits with the fact that long-term incubation with poly(I:C) is required for IFN-␤ induction in (65) . Extracellularly delivered dsRNA is internalized by clathrin-mediated endocytosis, since a dominant negative version of Eps15, an essential scaffolding molecule in clathrinmediated coat assembly and endocytosis, impairs dsRNA-induced NF-B and IFN-␤ activation (52) . The localization of TLR3 in subcellular compartments of the endocytic trafficking pathway is also in harmony with the observation that the interaction between TLR3 and dsRNA and subsequent TLR3 signaling require an acidic pH ranging from 5.7 to 6.5 (18) .
TRIF Functions as a TLR3 Adaptor Molecule
The TIR domain of TLR3 binds the TIR domain-containing adaptor protein TRIF, which indirectly activates several transcription factors, including NF-B, IRF3, and activating protein 1 (AP-1). TRIF knockout mice show defective responses to poly(I:C), indicating that TRIF is essential for TLR3-mediated signaling pathways (79, 112) . The mechanisms by which TRIF activates NF-B and IRF3 have been reviewed extensively (71). We will therefore focus mainly on the most recently identified signaling components of the TLR3/TRIF pathway.
To mediate IRF3 activation, the N-terminal domain of TRIF was originally proposed to engage with two kinases, IB kinase ε (IKKε) (also known as IKKi, where "i" means "inducible") and TANK-binding kinase 1 (TBK1) (also known as T2K or NF-Bactivating kinase [NAK]), enabling them to phosphorylate IRF3, which then forms a dimer that translocates to the nucleus to induce the expression of IFN-␤ (68). However, it is now thought that TRIF associates with TBK-IKKε through the adaptor protein NAK-associated protein 1 (NAP1). RNA interference of NAP1 results in a failure of poly(I:C)-mediated IRF3 activation and IFN-␤ production, indicating that NAP1 is a TBK1/IKKε kinase subunit that participates in TRIF-induced IRF3 activation (Fig. 2) (90) . In addition to NAP1, TRAF3 is part of the TBK/ IKKε kinase complex that coprecipitates with TRIF. Moreover, TLR3 stimulation no longer induces IFN-␤ in TRAF3-deficient cells, suggesting that TRAF3 is a critical link between TRIF and the kinases required for IRF3 activation (Fig. 2) (32, 76) . Interestingly, both TRAF3 and NAP1 are also critical in the TLRindependent RIG-I/MDA5 cytoplasmic signaling pathway leading to IRF3 activation (76, 90) .
For NF-B activation, two separate pathways mediated by, respectively, receptor-interacting protein 1 (RIP1) and TRAF6 seem to bifurcate from TRIF. In murine embryonic fibroblasts deficient in RIP1, poly(I:C)-induced NF-B is completely blocked in deficient mice, indicating that RIP1 is an essential mediator of the TRIF pathway leading to NF-B activation (69) . The interaction of TRIF and RIP1 is mediated through the RIP homotypic interaction motif (RHIM) present in both proteins, in the C-terminal part of TRIF and the intermediary domain of RIP (Fig. 2) . TRAF6 is recruited to the N-terminal domain of TRIF, but the role of TRAF6 is somewhat controversial and probably cell type specific (27, 91) . At least in mouse embryonic fibroblasts, TRAF6 is recruited to TRIF along with RIP1, followed by polyubiquitination (Ub) of RIP1 ( Fig. 2) (17) . In a manner similar to what occurs in the TNF receptor pathway, Ub RIP1 then recruits the ubiquitin receptor protein transforming growth factor ␤-activating kinase (TAK) binding protein 2 (TAB2) and TAK1. TAK1 phosphorylates IKK␣ and IKK␤, which in turn phosphorylate the NF-B inhibitor IB, eventually leading to its degradation and the nuclear translocation of NF-B (Fig. 2) . Poly(I:C)-induced NF-B activation, but not IRF3 activation, is decreased in TAK1-deficient mouse embryonic fibroblasts, showing that TAK1 is specifically needed for TLR3-induced NF-B activation (94) . TAK1 also activates the mitogen-activated protein kinases c-jun N-terminal kinase, p38, and extracellular signal-regulated kinase, leading to the phosphorylation and activation of members of the AP-1 family of transcription factors.
TRIF is the sole TLR adaptor that is able to engage mammalian cell death signaling pathways. TRIF-induced cell death requires caspase activity initiated by the Fas-associated death domain protein (FADD)/caspase-8 axis and is unaffected by inhibitors of the intrinsic mitochondrial apoptotic machinery. The proapoptotic potential of TRIF maps to the C-terminal RHIM motif that physically interacts with RIP1. Deletion and mutational analyses revealed that the RHIM in TRIF is essential not only for TRIF-induced NF-B activation but also for TRIF-induced apoptosis. Yet the activation of NF-B can be blocked by the superrepressor IB␣ without blocking apoptosis, indicating that the ability of TRIF to induce apoptosis is NF-B independent (34, 53, 82) . All together, these data demonstrate that TLR3 is able to induce apoptosis through a TRIF/RIP1/FADD/caspase-8-dependent pathway (Fig. 2) , which is supposed to represent an important host defense for limiting the spread of a viral infection. Interestingly, FADDdeficient as well as caspase-8-deficient B cells were shown to be defective in proliferative responses induced by dsRNA. Therefore, in addition to having an apoptotic function, FADD and caspase-8 also play a role in TLR3-induced proliferative responses in B cells (9, 46) .
Tyrosine Phosphorylation of TLR3
The tyrosine phosphorylation of TLR2, TLR3, and TLR5 has been shown to play a role in the initiation or regulation of downstream TLR signaling (7, 47, 87, 89) . TLR3 harbors five tyrosine residues in its cytoplasmic tail, two of which (Tyr759 and Tyr858) were shown to be phosphorylated and to contribute to the full activation of IRF3 and NF-B-dependent gene expression (Fig. 2) (87-89) . The phosphorylation of Tyr858 is presumably involved in TBK1 activation, which induces the partial phosphorylation and activation of IRF3, accompanied by IRF3 dimerization and translocation to the nucleus, but which still needs a second phosphorylation-dependent signal from the receptor to promote IRF3-dependent reporter gene induction (88) . In this context, phospho-Tyr759 leads to the recruitment of phosphatidylinositol-3-kinase (PI3K) and activation of the downstream kinase Akt, which is required to obtain the full phosphorylation and activation of IRF3 in the nucleus. In this two-step model of IRF3 activation, both arms of phosphorylation, one via TRIF and TBK1 and the other via PI3K, are thus needed to obtain fully active IRF3 (Fig. 2) . A similar two-step model depending on Tyr858 and Tyr759 was established for TLR3-mediated NF-B activation (87) . One signal leads to the phosphorylation of the inhibitory protein IB, which is followed by the release and nuclear translocation of NF-B. The other signal leads to the phosphorylation of the p65 (also known as RelA) subunit of NF-B, leading to its transactivation (Fig. 2) . In this model, the role of TLR3 tyrosine phosphorylation has been illustrated for the TLR3-induced expression of A20 mRNA, which is known to be NF-B dependent. Mutation of Tyr759 inhibited A20 gene induction, although NF-B was still activated and translocated to the nucleus. However, NF-B failed to bind to the B site of the target A20 gene promoter. This defect could be attributed to FIG. 2. TLR3 signaling pathways. Binding of dsRNA to the TLR3-CD14 complex induces the activation of several intracellular signaling pathways. The activation of NF-B and IRF3 is achieved by two different signaling branches emanating from the TLR3 adaptor molecule TRIF, which binds to the BB loop of the TLR3 TIR domain. Distinct regions of TRIF bind the ubiquitin ligase TRAF6 and the kinase RIP1. Analogously with the ubiquitin ligase activity of TRAF2 in the TNF receptor pathway, the activity of TRIF-associated TRAF6 might be responsible for the Ub of RIP1 in the TLR3 pathway. RIP1 ubiquitination is recognized by the ubiquitin receptor proteins TAB2 and TAB3, leading to the activation of the kinase TAK1, which is part of the same complex. TAK1 phosphorylates and activates IKK␣ and IKK␤, which are part of a bigger IKK complex with the IKK adaptor protein IKK␥. IKK␤ is known to be the crucial IKK in TLR signaling and phosphorylates IB␣, which binds and keeps NF-B (here depicted as a p65/p50 dimer) in an inactive state in the cytoplasm. IB␣ phosphorylation leads to its recognition and degradation by the proteasome, thus allowing NF-B to translocate to the nucleus, where it binds and activates specific gene promoters (e.g., A20). TRIF also binds TRAF3 and NAP1. Whereas the role of TRAF3 is still largely unclear, NAP1 functions as an adaptor for the IKK-related kinases IKKε and TBK1, which have largely redundant functions. Both kinases phosphorylate IRF3, leading to its dimerization and translocation to the nucleus, where it binds and activates specific gene promoters (e.g., IFN-␤). Whereas these TRIF-mediated signaling pathways result in the activation of NF-B and IRF3, the phosphorylation of NF-B and IRF3 is involved in acquiring the fully activated status of both transcription factors (see the text for more details). Signaling leading to these events is still largely unclear, but IRF3 phosphorylation is dependent on the kinase Akt, which is activated by the lipid kinase PI3K, which binds phospho-Tyr759 of TLR3. Interestingly, PI3K also seems to have an inhibitory function on NF-B activation, whereas the phosphorylation of TLR3 on Tyr858 enhances NF-B activation by an unknown mechanism. TLR3 also induces apoptosis via a TRIF-and RIP1-dependent mechanism. The binding of RIP1 to TRIF not only activates NF-B but also recruits the DD-containing adaptor protein FADD via a homotypic DD-DD interaction. FADD in turn interacts with the cysteine protease procaspase-8 through the death effector domain (DED) present in both proteins. This is believed to result in the proteolytic auto-activation of procaspase-8 and the initiation of cell death. CYT, cytoplasmic linker. Although PI3K has an essential role in TLR3-induced IRF3 activation, it is dispensable for NF-B activation, as illustrated by the insensitivity of A20 mRNA expression to the PI3K inhibitor LY294002 (87, 88) . In contrast, PI3K has been shown to impair NF-B-dependent proinflammatory signaling by interacting with TRIF and interfering with its ability to channel optimal NF-B, but not IRF3, transcriptional activity ( Fig. 2  and 3 ) (3). Altogether, this indicates that PI3K biases the TLR3 pathway toward IRF3 and the induction of IFN-stimulated genes while impairing NF-B-dependent proinflammatory signaling. The phosphorylated tyrosine residues of TLR3 can also be expected to bind SH2 domain-containing proteins other than PI3K. With respect to this, the tyrosine kinase c-Src was recently shown to bind TLR3 and to be necessary for the TLR3-induced activation of IRF3 through a TRIF-dependent mechanism (52) .
In conclusion, to initiate intracellular signaling events, TLR3 utilizes, in addition to its conserved boxes and BB loop, at least two phospho-acceptor tyrosine residues that recruit PI3K, c-Src, and most likely other unidentified signaling molecules. Upon TLR3 engagement, these tyrosine residues are phosphorylated by as-yet-unidentified tyrosine kinases. Whichever route is followed by the phospho-tyrosine signal, it always converges with the "classical" TRIF-dependent signaling pathway, leading to the full activation of IRF3-or NF-B-dependent gene expression.
Negative Regulation of TLR3 Signaling
In the section on viral pathologies, we already discussed viral immune evasion strategies that target the TLR3 pathway. However, as described above, strong or sustained TLR3 signaling is also potentially harmful or even fatal for the host cell. It is thus not surprising that mammalian cells have also evolved several mechanisms for modulating TLR3-mediated responses (Fig. 3) .
We already described above the negative regulatory effect of the binding of PI3K with TRIF on TLR3-induced NF-B activation. Similarly, the kinase RIP3 specifically inhibits TLR3-induced NF-B activation by competing with RIP1 for TRIF binding (69) . Other endogenous negative regulators that interact with TRIF include protein inhibitor of activated signal transducers and activators of transcription (PIASy), TRAF1, sterile alpha and TIR motif-containing protein (SARM), A20, and TRAF4 (12, 14, 84, 97, 101, 106, 115) . However, these proteins inhibit NF-B as well as IRF3 activation. PIASy is a member of the SUMO-ligase family that also interacts with IRF3 and IRF7. Although this protein inhibits TRIF-induced NF-B and IRF3 activation, it has no effect on TRIF-induced apoptosis (115) . TRAF1 is an inducible protein that binds with the TIR domain of TRIF and is cleaved by a TRIF-activated caspase. Because caspase inhibition or the expression of a noncleavable TRAF1 mutant abolishes the inhibitory effect of TRAF1, it has been suggested that TRIF-induced cleavage of TRAF1 is essential for the inhibition of TRIF signaling (97) . The TIR-containing protein SARM also associates with the TIR domain of TRIF and is a broad inhibitor of TRIF-induced cytokine and chemokine production (14) . A20 is a deubiquitinating enzyme that is induced by several stimuli, including dsRNA and Sendai virus infection. A20 has been shown to coprecipitate with TRIF and to inhibit TLR3-mediated NF-B and IRF3 activation. However, its deubiquitinating activity does not seem to be required for the inhibition of TRIF signaling (106) . Additionally, A20 has been shown to deubiquitinate RIP1, TRAF6, and IKK␥ in the TNF and TLR4 signaling pathway to NF-B (111), suggesting that these signaling proteins might also be targeted in the TLR3 signaling pathway to NF-B. Furthermore, A20 also coprecipitates with TBK1 and IKKε and inhibits IRF3 phosphorylation and dimerization following the engagement of TLR3 (84) . Finally, TRAF4 is another inducible protein that also physically interacts with TRIF and TRAF6 and counteracts their function (101) .
In contrast to the above-described inhibitors that inhibit both NF-B and IRF3 activation, suppressor of IKKε (SIKE) interferes uniquely with TLR3-triggered IRF3 activation. Under physiological conditions, SIKE is associated with TBK1 and dissociates upon TLR3 stimulation. The overexpression of SIKE disrupts the interactions of IKKε or TBK1 with TRIF and IRF3, without affecting the interactions of TRIF with TRAF6 and RIP1. Consistently, the overexpression of SIKE inhibits virus-and TLR3-triggered IRF3 but not NF-B activation (44) .
Due to the need for phospho-tyrosine residues in the TIR domain of TLR3, one might expect that an alternative way of interfering with TLR3 signaling is dephosphorylation by a tyrosine phosphatase. In this context, SH2-containing protein tyrosine phosphatase 2 (SHP-2) was recently reported to inhibit TLR3-activated IFN-␤ production. However, this seems to occur by a phosphatase activity-independent mechanism, in which SHP-2 interacts with the kinase domain of TBK1 to inhibit its activity (5) .
Although it is astounding how many different proteins and mechanisms have evolved to negatively regulate TLR3 signaling, this complexity also underscores the importance of this process. The diversity of NF-B and IRF inhibitory proteins may have evolved to establish a redundant system in which one negative-feedback regulator can compensate for the loss or failure of others. Moreover, specific regulatory proteins might change the balance between NF-B and IRF3 activation. Most likely, the role of specific negative regulatory proteins also depends on the cell type or the cell context. For instance, a restricted expression pattern could confine the effects of the inhibitory proteins to specific organs or cells. Conditional gene-targeting studies of negative regulatory proteins will surely provide the answer to these unresolved questions in the near future.
CLINICAL RELEVANCE
As our understanding of innate immunity and TLR biology has developed, so has an interest in applying that understanding to clinical problems. Vaccine adjuvants are perhaps the most extensively explored applications for TLR agonists. The rational design of specific TLR agonists with reduced toxicity but increased potency, compared to those of adjuvant candidates from only a decade ago, offers the opportunity to meet the stringent safety criteria required for prophylactic vaccines. At present, two improved adult hepatitis B virus vaccines and a papillomavirus vaccine that use TLR4 agonists as the adjuvant have been approved, and there is considerable research and early development activity exploring the adjuvant activities of ligands for most other TLRs. Also, the TLR3 ligand poly(I:C) has already proven to be beneficial as a mucosal adjuvant for influenza virus vaccine in a murine infection model (45) . In those studies, coadministration of antigen and poly(I:C) was shown to upregulate the expression of TLR3 and IFN-␣/␤. Preclinical studies suggest that TLR3 and other TLR agonists also have the potential to enhance therapeutic vaccination for cancer. In this context, immunization with the melanoma peptide trp2 and adjuvants consisting of cationic liposomes complexed with TLR3 and TLR9 agonists has been shown to control the growth of established B16 melanoma tumors in a therapeutic tumor vaccine model (114) . Agonists for TLR3 (as well as for TLR7, TLR8, and TLR9) have shown promise as a treatment for viral infections. The synthetic nontoxic poly(I:C) analog poly(I:C 12 U) (Ampligen) is a mismatched dsRNA helix in which cytosine is replaced by uridine, statistically at each 13th residue (2) . It has a rapid half-life compared to that of poly(I:C), which enabled its development as a clinically useful drug. Unlike poly(I:C), poly(I:C 12 U) is specifically recognized by TLR3 but not MDA5, which might account for its reduced toxicity and safe use in clinical trials in which it has shown anti-human immunodeficiency virus effects. Poly(I:C 12 U) has been shown to also have various degrees of antiviral activity against hepatitis B virus, several flaviviruses, coxsackie B3 virus, and Punta Toro virus (2, 22, 29) . Moreover, a large phase III clinical trial for the treatment of chronic fatigue syndrome with Ampligen has successfully been completed (72) .
Sustained TLR3 activation is associated with the overproduction of proinflammatory cytokines and can result in systemic inflammatory response syndrome. In addition, excessive TLR3 expression or triggering is associated with several inflammatory diseases, such as inflammation-associated myopathies, lupus nephritis, West Nile virus-driven CNS inflammation, and viral or autoimmune liver disease (see above for more-detailed information). TLR3 antagonists might therefore be quite promising for a number of infectious and inflammatory diseases. Antagonists for TLR3 and several other TLRs currently under development are structural analogs of agonists that bind the receptor but fail to signal. Other possibilities include anti-TLR antibodies and small-molecule antagonists selected from compound libraries. In addition to direct therapeutic targeting of TLR3 by specific TLR3 antagonists, targeting the intracellular TLR3 signaling molecules is becoming a realistic possibility. This might involve targeting the enzymes that modulate IRF3 or NF-B activation (e.g., TBK1). Moreover, the insights gained into the regions of signaling proteins involved in protein-protein interactions might allow for the development of specific agents to disrupt these interactions and thereby limit their signaling capacity. Altogether, we can conclude that the manipulation of TLR3 responses harbors therapeutic value for the treatment of a wide range of diseases, including both infectious and autoimmune disorders in which TLR3 has been shown to have a role. Moreover, the list of VOL. 21, 2008 PATHOGEN RECOGNITION BY TLR3 21 on September 26, 2017 by guest http://cmr.asm.org/ disease states for which one or more TLRs represent a reasonable target is growing rapidly. This will surely continue to be a productive field for drug development in the future.
CONCLUSIONS AND FUTURE PERSPECTIVES
The past couple of years have witnessed tremendous progress in our understanding of the molecular mechanisms of TLR signaling. Here we have summarized current knowledge regarding the function and regulation of TLR3 as a sentinel for dsRNA-induced responses. Although it is clear that several viruses stimulate TLR3-dependent signaling, the importance of TLR3 signaling in antiviral responses or viral pathogenesis is still far from clear. In many cases, the lack of a clear effect of TLR3 deficiency on the outcome of a viral infection in mice is most likely due to redundancy with other dsRNA sensors, such as RIG-I and MDA5. The use of better and more physiologically relevant virus infection models, as well as the use of other readout systems, might clarify the specific role of each receptor during a viral infection. Moreover, while TLR3 is well known to activate inflammatory responses to viruses, evidence that TLR3 fulfils additional roles in the absence of infection is growing.
Another complication in our current understanding of TLR3 function is that the optimal and physiological ligand for TLR3
is not yet known. Most studies have been done with synthetic poly(I:C), but the identities of the viral RNA sequences that trigger TLR3 are still poorly known and depend on the physiological conditions. In this regard, the potential of endogenous RNA (e.g., from dying cells) in mediating TLR3 signaling and subsequent inflammation or inflammatory disease needs further attention. In addition, the possibility of the existence of other still-unidentified TLR3 ligands different from dsRNA cannot be excluded.
Although our knowledge of TLR3 signaling is already substantial, there are as yet many outstanding questions that need to be addressed. It will be important to clarify the place in the cell from which the TLR3 signals. Although there is ample evidence that TLR3 signals from within endosomes, the identities of these vesicular structures are still unclear. Moreover, in some cell types, TLR3 might also be triggered from the outside of the cell membrane. It is not unlikely that signaling pathways initiated from the cell surface or from an intracellular location are at least partially different. It should also be noted that a large part of our current knowledge on TLR3 signaling and the protein-protein complexes that are involved is still based on overexpression studies. Although knockout mouse studies confirmed the essential role of most of these signaling proteins in TLR3 responses, the exact stoichiometry of the signaling complexes that are formed encourages their characterization at endogenous expression levels.
In conclusion, although the identification of TLR3 and other mammalian TLRs has truly revolutionized the field of microbial pathogenesis and human immunology, we are just beginning to understand the complexities of this evolutionarily conserved system and the essential role that it plays in innate and adaptive immunity. As the basic understanding of microbially induced TLR signaling reaches a critical level, novel therapies that can effectively improve the outcomes of infectious and other inflammatory diseases may arise.
